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IIpeocmasneno pesyrvmamu po3poénenns i docaidyicenns nepcnex-
MUBHO20 NOBHO-NOMOK06020 OUHAMIMH020 Memody 6i000pY NPOO 3MiHH020
00 ‘eMy 0151 BU3HAUEHHSA 8 JIAGOPAMOPHUX YMOBAX 3HAMEHD MACOBUX BUKU-
0ie 3a6pyoHI06aNLHUX PEHOBUH 3 BIONPAUBLOBAHUMU 2A3AMU ABMOMOGITD-
Hux deuzynie. Buxuou eusnauaiomo 3a npouedypamu eunpooyeants nogHo-
KOMRJeKMHUX asmomodinie 6 iz0oeux yuxaax, abo oxkpemo ix 0euzynie 3a
MOMOPHUMU BUNPOOYEATLHUMU UUKTLAMU.

Homouni macoei suxudu 3a6pYOHI0EATLHUX PEHOBUH PO3PAXOBYIOMD 3A
CUHXPOHI306AHUMU Y YACT MUMMEBUMU 3HAUEHHAMU IX KOHUeHmpauii ma
MUMMEBUMU 3HAUEHHAMU BUMPAMU NOMOKY CYMiuLi 6i0NPAULOBAHUX 20316
i nosimps. /lo amimyeanvnoi kamepu, 00 axoi nodairomo i0nNpaubosai 2a3u
i nogimps, maxoic nodaromv nOGIPOUNY 2a3068Y CYMiul 3 UMPAMOIO, WO
3miniooms 3a nepioduunoro gynxuicto. Ile suxopucmosyromv 045 eusna-
UeHHs nepedamoHux QYHKUIL 360POMHO20 0GHUCTEHHA MUMMEBOT GUMPA-
mu cymiui 6iONpayboBAHUX 2a316 i NOGIMPA MA NOMOUHUX 3HAUEHL KOH-
yenmpauiii 3a6pyoHI06AILHUX PenosuH 6 MomMenm 6i060py npobu. Macoei
BuKUU 2a30n00i06HUX 3A0PYOHIVBANLHUX PEHOBUH POZPAXOBYIONb K PI3HU-
UI0 MIC CYMAPHUMU MACOBUMU BUKUOAMU 3AOPYOHIOBAILHUX PEHOGUH MA
Macosumu uxudamu 3a0pyoHI06aALHUX PEHOBUH, W0 000aAI0Ntb 3 NOMOKOM
noeipounoi 2a3060i cymiwi.

Ipauezdamuicmov Ounamiuiozo nO6HO-NOMOK06020 Mmemooda 6i06opy
npo6 3MinH020 00°eMy 008e0eHO NOPIBHAHHAM PO3PAXYHKO60T (Memodom
banancy eyzneuro) ma 0e3n0CePeoHbO BUMIPSHOT BUMPAMU NATUBA ABMO-
Mobinamu 6 iz0oeux yuxnax. Piznuus minc 6eanocepedivo sumipanoro ma
PO3PAXYHKOB0IO (34 BUSHAMEHUMU MACOBUMU BUKUOAMU 3A0PYOHI08ATL-
HUX pexosun) eumpamoro naausa e nepesuwye +3,5 %. Ile € 3adosinn-
HUM Pe3ynomamom 3 027150y Ha, 30Kpema, HeGUIHAMEHICMb 6UMIPIOBAHHS
6 OuHamiyi WEUOKOIMIHHUX KOHUeHMpPauil 3a0pyoHIO8ANTLHUX PeHOBUH,
eumpamu nomoxy posdaenenux BI', eumpamu nanusa, a maxosic susnaven-
H5 6MICMY 8Y2Jleuto Y nauei.

Ompumano nPUHUUNOB0 HOBL MONCIUBOCHT 3 GUMIPIOBAHHS MACOBUX
nUMOMUX BUKUOIE 3A0PYOHIOBATILHUX PEHOBUH OBULYHAMU 3 NPUMYCOBUM
3anamosannam ma ouzenie cyuacHux (exoqoeziunozo xaacy «€epo-6») i
nepCnexmueHUX mpancnOpmHux 3aco0i6 3 HUILKUM pieHeM eMicii

Kmiouosi caiosa: sionpaybosati 2azu, Macoei 6uKuou 3a0pyonI06arvHux
peuosun, constant volume sampling, CVS, variable volume sampling, VVS

u] =,

Received date 20.04.2020
Accepted date 16.06.2020
Published date 30.06.2020

UDC 621.43.068, 629.01, 629.113

DOI: 10.15587,/1729-4061.2020.206679

DYNAMIC VARIABLE
VOLUME SAMPLING
METHOD FOR
DETERMINING
MASS EMISSIONS
OF POLLUTING
SUBSTANCES WITH
EXHAUST GASES

O. Klimenko

PhD, Associate Professor,

Deputy Head of Research Laboratory,
Deputy Head of Scientific Centre
Research Laboratory of

Fuels and the Environment

Scientific and Technological Development of
Road Vehicle Testing Centre

State Enterprise

"State Road Transport Research Institute”
Peremohy ave., 57, Kyiv, Ukraine, 03113
E-mail: aklimenko.insat@gmail.com

Copyright © 2020, O. Klimenko
This is an open access article under the CC BY license
(http.//creativecommons.org/licenses/by/4.0)

1. Introduction

Road transport is the dominant source of pollution by
toxic substances of atmospheric air in places of mass con-
centration of the population. This leads to the introduction
by countries of the world of stricter standards for the stan-
dards of emissions of pollutants by vehicles, in particular,
the «Euro-6», «<LEV-3», and «Tier-3» standards.

Among the standardized components of exhaust emis-
sions (EG) of internal combustion engines in the EU, special
attention is paid, in particular, to particles (PM) — one of the
most harmful components in the composition of exhaust gas-
es, nitrogen oxides (NOy), total hydrocarbons (T.HC) and
their non-methane parts (NMHC), carbon monoxide (CO),
and other toxic substances that cause multibillion-dollar
macroeconomic losses to society.

More stringent standards for emission standards, in turn,
will require the development of appropriate new, more sen-
sitive methods for determining mass emissions of pollutants.

A fundamentally insurmountable drawback of the stan-
dard method of sampling a constant volume is the generally
high values of the EG dilution factor, which are obtained at
most engine operating modes in test, in particular, driving

cycles. In general, the high values of the EG dilution factor
o are due to the need to establish a constant in time value of
the flow rate of the mixture of EG and air, provided there
is no moisture condensation, for the most loaded engine
operation mode (among the entire set of modes in the test
cycle). Therefore, the concentrations of individual pollutants
(primarily carbohydrates) in diluted exhaust gases can be
comparable with their concentrations in ambient air. This
significantly complicates, and in some cases, in principle,
makes it impossible to measure emissions of environmentally
friendly cars that meet «Euro-6», «<LEV-3», and «Tier-3»
standards. It also limits the establishment of more progres-
sive emission standards.

Thus, the urgent task is to find an alternative to the
standard method of sampling a constant volume, which im-
poses fundamental restrictions on the determination of low
emissions.

2. Literature review and problem statement

The laboratory determination of the specific mass emis-
sions of pollutants by vehicles in accordance with the re-



quirements of international technical regulations is carried
out on the basis of the full-flow constant volume sampling
method (CVS).

The constant volume sampling method is described
in detail in the current technical regulations — UN Reg-
ulation No. 83, No. 49, No. 96, No. 40, No. 47 [1-5],
US Regulations (CFR-40) [6], Global Regulation No. 2,
No. 4, No. 11, No. 15 [7-10].

A fairly simple principle of operation of this method,
described in the above sources, is to maintain a constant in
time flow of a mixture of exhaust gas and air under condi-
tions of rapid change during the test procedure, the flow of
exhaust gas and concentrations of pollutants in it. According
to the measured total consumption of the mixture of EG and
air and the averaged concentrations of pollutants in it, their
mass emissions are determined.

A general overview of methods for measuring pollutant
emissions by vehicles is provided, in particular, in [11, 12].
Despite the partially-in-line emission determination tech-
nologies developed in recent years and certain inherent ad-
vantages, the in-line method provides the most reproducible
results and remains essentially a reference.

This method well met the requirements of environmen-
tal standards of previous years. At the same time, the con-
stant-volume sampling method imposes fundamental restric-
tions on the determination of low levels of mass emissions of
pollutants by modern environmentally friendly vehicles, in
particular, those using alternative types of motor fuel.

Limitations lie in the very principle of a constant volume
sampling method. The minimum required value of the flow
rate of the mixture of EG and air must be set in the absence
of moisture condensation for the most loaded engine opera-
tion mode.

This flow rate, which remains constant throughout the
test procedure for the driving (or motor) cycle, is too large
for the modes of small and medium (partial) engine load,
which account for a significant part of the time and emis-
sions of pollutants.

Too high dilution factor of EG with air at partial engine
load conditions under conditions of low concentrations of
pollutants in raw EG results in concentrations of individ-
ual pollutants that are comparable to their concentrations
in the air in the laboratory. This makes it impossible to
measure them.

This problem complicates and even makes it impossible
for individual emission components to effectively reduce
the maximum permissible emission standards (can’t be mea-
sured by the standard method), and limits the development
of technical regulation in this area.

So, the development of new methods and technologies
for determining specific mass emissions of pollutants is an
urgent task.

It is known and such that today the method described in
US Patent No. 5,337,595, issued August 16, 1994, “Subsonic
venturi proportional and isokinetic sampling methods and
apparatus” is widely used in practice in practice by elimi-
nating the main drawback of the constant volume sampling
method. [13]. According to this method, the test cycle is
divided into several phases separated in time and for each
phase their optimal flow rate of the mixture of exhaust gases
and air is established, which is kept constant during this
phase of the test.

The disadvantage of this method is that the change in the
flow rate of the mixture must occur in the intervals between

the individual phases of the test cycle, that is, with a tempo-
rary stop of the test process and measurement of pollutant
emissions. But this is not always and not for each test cycle
possible in principle.

In addition, modern test cycles contain multiple combi-
nations in different phases of both full or close to full modes
and light engine load modes. This is a significant limitation
for using this method and overcoming the above main disad-
vantage of the constant volume sampling method.

Another well-known method described in US patent
No. US 7,021,130 B2, issued April 4, 2006, “Method and
device for the measurement of exhaust gas from internal
combustion engines” [14]. Calculate the so-called smoothed
value of the measured EG flow, which varies in accordance
with the average values of EG instantaneous flow for a cer-
tain period of time. The rate of change is selected in accor-
dance with the rate at which corresponding corrections can
be made to the speed of the total flow of the mixture and
the speeds of the sampling flows into elastic containers and
through particle capture filters. The concentrations of pol-
lutants averaged over the test cycle are measured in elastic
containers, which are used to calculate mass emissions. In
this case, the average dilution factor is set approximately the
same during the test cycle.

The advantage of this method is to obtain, on average,
close to optimal values of the EG dilution factor. But its
disadvantages are:

1. The impossibility of determining, for example, hydro-
carbon emissions for compression ignition engines (diesels)
by the integrated method.

2. Limited opportunities for choosing the most optimal
mode of EG dilution in each of the engine operation modes.

3. The introduction of additional uncertainty regarding
the measurement results. This is due to measurement errors
and tasks (maintaining) a constant dynamic change in the
flow of the sum of EG and atmospheric air and gas sampling
flows into elastic containers, to particle capture filters and
the like.

4. Significant uncertainty regarding the measurement
results in rapidly changing transient modes of engine oper-
ation, especially at peak loads, which are characteristic of
modern test cycles.

5. The lack of important information on the results of
the test regarding the distribution of specific emissions
of pollutants for individual engine operating modes in the
test cycle.

A study of the determination of low concentrations of
pollutants is given in [15, 16]. But they do not propose a
radical solution to the above problem.

The influence of various factors on the accuracy of mea-
suring fuel consumption by the carbon balance method is
given, in particular, in [17]. In [18], the components of the er-
ror in determining emissions in the laboratory equipment as
a whole are presented. In [19], an error analysis of the mass
emission measurement system is presented. These works
show that one of the key factors is maintaining the minimum
possible EG dilution factor and determining the concentra-
tion of pollutants in transition modes (that is, under condi-
tions of a rapid change in the consumption of exhaust gases
and concentrations of pollutants in them).

In [20], an intermittent sampling regime is proposed to
increase the concentration of pollutants in a full-flow system
during the testing of hybrids. Sampling management obvi-
ously allows for higher resolution measurements.



An example of calculating the instantaneous concentra-
tions of pollutants in raw gas in transient engine operation us-
ing the measured concentrations in dilute gases in a full-flow
tunnel is given in [21]. A study of the methods for the inverse
calculation of instantaneous concentrations of pollutants
in raw EG, including directly in the exhaust manifold of an
engine with its measured concentrations in a diluted sample,
is given in [22—-24]. These studies prove the fundamental pos-
sibility and prospects of developing a new method of variable
volume sampling. In particular, a method with integrated de-
termination of mass emissions by instantaneous values of the
flow rate of the mixture and the concentration of pollutants in
it, reduced to the time of sampling.

The results of creating a prospective research full-flow
system model EMMS-CVS-010 for determining low levels
of mass emissions of pollutants from the exhaust gases of
automobile engines are presented in [25, 26]. This equipment,
unique in design and applied technology, is used today to
determine whether Euro cars comply with environmental
standards, carry out finishing work on new vehicle designs,
research alternative motor fuels, determine fuel consumption
by carbon balance method, etc. EMMS-CVS-010 is the first
workable full flow system for determining mass emissions of
pollutants created in the countries of the former Soviet Union.

Original technical solutions incorporated into the design
of the EMMS-CVS-010 system made it possible to carry
out, on its basis, the development of a new method for deter-
mining mass emissions of pollutants, namely, a variable-vol-
ume sampling method.

The variable volume sampling method, as shown in [26],
makes it possible to bring the EG dilution factor closer to
the minimum required value not only in one maximum load
mode, but also in other engine operation modes during the
test procedure. Partial load conditions account for the bulk of
engine operating modes and a significant portion of pollutant
emissions [1—10]. This allows to significantly increase the
difference between the concentrations of pollutants in diluted
exhaust gas and in ambient air. But this makes it impossible
to apply a simple approach to the determination of mass emis-
sions, as is done in the method of sampling a constant volume.
The constant change in the flow rate of a mixture of EG and
air requires the development of new approaches to the deter-
mination of mass emissions of pollutants.

3. The aim and objective of research

The aim of research is to create an improved technology
for determining low levels of mass emissions of pollutants
from exhaust gases of automobile engines.

To achieve this aim, the following objectives are set:

— to develop a new improved method for of variable vol-
ume sampling and to create an experimental full-flow system
for determining mass emissions of pollutants from exhaust
gases of automobile engines based on the concept of variable
volume sampling;

— to explore the performance of the developed method.

4. Development of an improved method and experimental
variable volume sampling system

The development of a full-flow technology for determin-
ing mass emissions of pollutants was carried out in [27]. It

developed a new concept of variable volume sampling, which
allowed to significantly increase the sensitivity and resolu-
tion of measuring mass emissions of pollutants.

Fig. 1 shows the main part of the research full-flow
sampling system based on the universal constant volume
sampling system (CVS) of the EMMS-CVS-010 model
developed by the GosavtotransNIIproekt State Enterprise.

In Fig. 2, the research system of dynamic feeding into
the mixing chamber EMMS-CVS-010 and measuring the
flow rate of test gas mixtures is shown. It is assembled on
the basis of the MT-010 universal particle emission analysis
system, also developed at the GosavtotransNIIproekt State
Enterprise. It is used as a precision generator of gas mixtures
with a dynamic change in costs according to a given law.

Further development of this technology is to improve
methods for determining the instantaneous values of mass
emissions of pollutants in transient conditions.

Fig. 3 shows the functional diagram of the main elements
of the system that implements the new proposed method of
full-flow variable volume sampling to determine the mass
emissions of pollutants from the exhaust gases of engines.

Fig. 1. Experimental full-flow sampling system based on
the universal constant volume sampling system (CVS) of
the EMMS-CVS-010 model developed by
the GosavtotransNIlproekt State Enterprise
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Fig. 2. Experienced system of dynamic feeding in
the mixing chamber and measuring the flow rate of
calibration gas mixtures

Fig. 3 shows:
1 — sample pipeline for supplying the full EG volume to
the mixing chamber from the exhaust system of the engine;



2 — air filter;

3 — air conditioning system (option)

4 — inlet pipe for supplying atmospheric air to the system;

5 — elastic containers;

6 — system for sampling air into elastic containers;

7 — mixing chamber;

8 — tunnel;

9 — pipe sampling particles to capture filters;

10 — interchangeable particle capture filters;

11 — gas sampling system for particle capture filters;

12, 13 — gas outlet;

14 — system for measuring the amount of diluted ex-
haust gas;

15 — pipe sample particles;

16 — mixture conditioning system;

17 — sampling system of a mixture of high-temperature
gas and atmospheric air;

18 — system for measuring the concentration of gaseous
pollutants, contains in-line gas analyzers;

19 — measured concentration of pollutants in the
sample;

20 — instantaneous flow rate of a mixture of EG and
atmospheric air;

21 — unit for the inverse calculation of the current values
of the concentrations of pollutants at the time of sampling
from the main flow;

22 — calculated value of the concentration C; of the
pollutant (i) in the sample at the time of sampling from the
main flow;

23 —block for the inverse calculation of the instanta-
neous flow rate of a mixture of EG and atmospheric air at the
time of sampling from the main flow;

24 — calculated value of the flow rate Q at the time of
sampling from the main flow;

25 — system for selecting and measuring the instanta-
neous flow rate of a mixture of EG and air is changed,;

26 — pipe for sampling undiluted EG to the analyzer of
carbon dioxide COy;

27 — high-speed CO, analyzer;

28 — measured CO, concentration in a sample of undi-
luted EG;

29 — unit for the inverse calculation of the current values
of COsconcentrations in a sample of undiluted gas at the
time of sampling of gases from the gas supply line to the
mixing chamber;

30 — calculated value of the CO» concentration in undi-
luted gas at the time of sampling of gases from the pipeline
supplying the gas to the mixing chamber;

31 — calculated value of the CO, concentration in undiluted
EG, reduced to the time of sampling the mixture by system 17;

32 — cylinder with a mixture of calibration gas mixtures
(CGM) containing known concentrations of pollutants — car-
bon dioxide (COs), carbon monoxide (CO), propane (C3Hsg),
nitrogen dioxide (NOy), methane (CHy), etc. ;

33 — system for dynamically feeding and measuring the
CGM flow rate.

The proposed method of full-flow variable volume sam-
pling to determine the mass emissions of pollutants from the
exhaust gases of the engines and the system that implements
it, works as follows:

The full exhaust gas flow from the exhaust system of the
engine through the sample pipe 1 is supplied to the mixing
chamber 7. Also, the cleaned in the air filter 2 and (optional-
ly) conditioned air in the conditioning system 3 are supplied
to the mixing chamber 7. At the same time, a sample of pu-
rified air comes from the air filter 2 through the system 6 to
the elastic containers 5.

Subsequently, purified air from variable elastic contain-
ers 5 is used to adjust the results of measurements by gas
analyzers of 18 concentrations of pollutants in the mixture of
EG and air to exclude from the analysis some of the pollut-
ants that enter the mixture with atmospheric air.

In the mixing chamber 7, the EG and atmospheric air
are mixed, and then this mixture is fed into the tunnel 8,
from which gas samples are taken through the pipe 9 to
replaceable particulate filters 10 using the sampling sys-
tem 11. Through the pipe 15, gas samples are taken to the
particle number determination system 14.
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Fig. 3. Functional diagram of the main elements of the system, implementing a new method of full-flow variable volume sampling



The flow of the sample through pipelines 9 and 10 is
set proportional to the total flow of the mixture of EG and
atmospheric air at the entrance to the tunnel 8, equal to
the sum of the flow of the mixture through its conditioning
system 16 and the flows at the inlets of pipelines 9 and 15.

The flow through the conditioning system of the mix-
ture 16 is equal to the sum of the flow through the system 25
and the system 17, with the exception of part of the flow, re-
turns to the system 25 through the system 11, if the output 12
of the system 11 is connected to the input of the suction (se-
lection) system 25 and measuring the total flow.

The total flow of the mixture of EG and air, equal to
the flow at the entrance to the tunnel 8, is predominantly
set by the system 25, taking into account a relatively small
part of the flow, set by the systems 12, 14 and 17, which take
samples.

The total flow of the mixture of EG and air causes, there-
fore, the EG dilution factor.

System 17 feeds the sample to system 18 for continuous
analysis of the concentrations of pollutants in the mixture.

The information signal 19 of the values of the measured
concentrations of pollutants in the sample is supplied to
the block 21 inverse calculation of the current values of the
concentrations of pollutants at the time of sampling from the
main flow. The output 22 of which is the calculated value of
the concentration C; of the pollutant (i) in the sample at the
time of sampling from the main flow.

The information signal 20 values of the flow rate of the
mixture of EG and air is supplied to the block 23 inverse
calculation of the flow rate of the mixture of EG and air at
the time of sampling from the main flow. The output 24 of
which is the calculated value of the flow rate Q at the time of
sampling from the main flow.

The block 21 for the inverse calculation of the current
values of the concentrations of pollutants at the time of
sampling from the main flow and the block 23 for the in-
verse calculation of the flow rate of the mixture of EG and
atmospheric air at the time of sampling from the main flow
contain a description of the functions that determine the
delay time of the information signal. This delay time is due,
in particular, to the time the sample is transported through
pipelines and other elements of the sampling and sample
preparation systems, the time constant (dynamic response
properties) of the system for measuring concentrations of
pollutants. Partial mixing of time-distributed sample frag-
ments with various concentrations of pollutants in pipelines
and elements of the sample prepa-
ration system is also taken into

inverse calculation of the current values of CO, concentra-
tions in the EG sample at the time of sampling of gases from
the pipeline supplying the EG to the mixing chamber. At the
output (30) of this block, the value of CO, concentrations at
the time of sampling the gases from the gas supply line to the
mixing chamber is calculated.

Block (29) uses the recording of discrete values of dis-
torted values through the above phenomena of the informa-
tion signal at the input. Further, based on the mathematical
description of these phenomena, the original information
signal (30) is reproduced from the instantaneous values of
the concentration of carbon dioxide CO; in the gas at the
time of sampling of gases from the gas supply line to the
mixing chamber.

The time of transporting the pollutants in the exhaust
gas to the place of sampling by the system (17) of the gas
mixture sample by the information signal of the flow rate
of the gas and air mixture is determined (24). In this case,
take into account the total volume of the tunnel (8) and
system (16) and the volume of other pipeline elements from
the place of entry of the exhaust gas flow in the mixing
chamber (7) to the place of sampling of the gas mixture by
the system (17) in block (29). According to the method of
variable volume sampling, at present it is not a constant
value, since the flow rate of the mixture of EG and air and
the speed of this flow in the pipelines is not constant. Thus,
at the output (31) of block (29), the value of CO, concentra-
tions in the raw EG is calculated; it is reduced to the moment
of sampling the mixture by system 17.

Dynamic autocalibration of the system is carried out
by supplying from the cylinder (32) a calibration gas
mixture (CGM) containing known concentrations of pol-
lutants — carbon dioxide (COj), carbon monoxide (CO),
propane (C3Hg), nitrogen dioxide (NO,), methane (CHy)
things like that. CGM is fed through the system (33) into
the mixing chamber (7) at a rate that is changed accord-
ing to a known periodic function. Thus, a mass flow of
normalized pollutants with a known value of its instan-
taneous flow rate at each moment of time is added to the
flow of mass emissions of pollutants through the system
coming from the EG. That is, the mass flow of the sum of
pollutants in the system is thus a modulated flow from the
system (33).

The calculation of the actual value of the EG dilution
factor is carried out separately at each elementary time step
as follows:

0.5 (Qf(j—n + Qf(f))
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Blocks 21 and 23 use the pp_ (OIS A)
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phenomena of information signals (ORNEY ()G

at the input. Then, based on the
mathematical description of these phenomena, the in-
formation signals relative to the instantaneous values of
the concentrations of pollutants at the outlet of the gas
analyzers and the flow rate of the mixture of EG and air
are reproduced in the original and synchronized time.
EG sample is taken from the point of attachment of the
EG supply pipe to the mixing chamber (7) through a pipe (26)
and is supplied to a high-speed CO, analyzer (27). An infor-
mation signal (28) of the measured concentrations of carbon
dioxide COj in the EG sample is fed to block (29) for the

where DR — the actual value of the EG dilution factor;

CCOZ(R) — the measured CO, concentration in raw EG, at
the beginning C,,, 1) and at the end of the elementary
step C, expressed in volume percent (information

signal (Sf) ]by the instantaneous values of the concentration
of carbon dioxide CO4 in raw EG, reduced to the moment of
sampling the mixture by system (17));

0. 5(CCO R +Cu, (R — the average value of CO, con-
centration in raw EG at the elementary step j, reduced to the

moment of mixture sampling by system (17);



C
EG, at the beginning Ceo, (i) and at the end of the ele-

o,y — the measured CO, concentration in diluted

mentary step Ceq, ;) expressed in volume percent (infor-

mation signal (22) by instantaneous CO, concentration in the
sample at the time of sampling from the main flow);

0.5 (CCO2 () T CCO2 (M)e(].)) —the average value of CO5con-

centration in diluted EG at the elementary step j at the time
of sampling from the main flow;

Ceo, (CGM) — the known CO, concentration in un-
derground gas storage in a cylinder (32), which is supplied
through system (33), expressed in volume percent;

05(Q,,+Q )
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exhaust gas taken during the elementary step, expressed in
liters and adjusted in accordance with standard atmospheric
conditions;

Qs — the instantaneous flow rate of the total diluted
exhaust gas flow at the beginning Q1) and at the end Q
of the elementary step, expressed in 1/s and adjusted in ac-
cordance with standard atmospheric conditions;

L) =l

plied to the chambers (7) during the elementary step,
expressed in liters and adjusted to standard atmospheric
conditions;

Q; — the instantaneous flow rate of underground gas
storage at the beginning Q1) and at the end Qy;, of the
elementary step, expressed in 1/s and adjusted in accordance
with standard atmospheric conditions;

t — the time (s) at the beginning #;_1) and at the end of
the elementary step ;).

The concentration of the pollutant in the diluted exhaust
gas is adjusted for the already existing amount of pollutant
in the air as follows:

— the volume of the total flow of diluted

— the volume of CGM flow that is sup-

1
C=C, -C,x[1-———|, 2
i e d ( DR) ()

where C; — the concentration of the i-th pollutant in diluted
EG, expressed in ppm and adjusted for the amount of the i-th
substance that is already in the air; C, — the measured con-
centration of the i-th pollutant in diluted EG, expressed in
ppm; Cy — the concentration of the polluting i-th substance
in the air used for dilution, expressed in ppm,

According to this method, the total mass emissions of
gaseous pollutants Mg;, the mass of emissions of the i-th pollu-
tant in grams at the elementary step j with the CGM flow
M;p,; and mass faseous pollutant emissions from EG M; as
follows:

_ O'S(qu—n +Qf(j)) «

Mg, PR d; %
0 "l
-6
Xy X0.5(Cy +Cy) 3107, 3)
0.5(Q, . ,+Q, .
M, :Mx d;x b, xCe(CGM), (4)
t . —t.
() "G
M) =M — My, ©)

where Mg;(j, — the total mass of emissions of the i-th pollut-
ant in grams at the elementary step j;

M) — the mass of emissions of the i-th pollutant in
grams at the elementary step j with exhaust gases;

Myi(jy — the mass of emissions of the i-th pollutant in
grams at the elementary step j with the CGM flow;

0.5 (Qf(j—1) +Qf(/’))

i) ~Umy

haust gas flow (mixture of exhaust gases and atmospheric
air), the elementary flow is selected pitch expressed in liters
and adjusted to standard atmospheric conditions;

d; — the density of the i-th pollutant in g/l under stan-
dard atmospheric conditions);

kp¢jy — the value of the humidity correction coefficient at
the elementary step j used to calculate the mass of emissions
of nitrogen oxides NO,. The moisture correction factor is
calculated as defined in the above standards;

C; — the concentration of the i-th pollutant in diluted
exhaust gases at the beginning Cj¢;_1) and at the end of the
elementary step Cjj. It should be adjusted for the already
existing amount of pollutant in atmospheric air according
to equation (2) according to the current measured values of
the concentrations of components from the composition of
diluted gases that enter it, and their concentrations in the
air. The latter are determined from samples taken in elastic
containers (bags) during various phases (fragments) of the
test cycle, or by the results of their flow measurement, ex-
pressed in ppm;

0.5(Ci(j-1)+Cijy) — the average concentration of the i-th
pollutant at the elementary step j;

0.5 (Qku—m + Qk(f))
t.—t

— the volume of the total diluted ex-

— the volume of CGM flow that is sup-
() G-

plied to the chambers (7) during the elementary step,
expressed in liters and adjusted to standard atmospheric
conditions;

Q. — the instantaneous flow rate of underground gas
storage at the beginning Q1) and at the end Q) of the
elementary step, expressed in 1 /s and adjusted in accordance
with standard atmospheric conditions;

Cecomy — the known concentration of the corresponding
pollutant in the CGM facility in the cylinder (32), which is
supplied through the system (33), expressed in ppm.

A dynamic series of data on total mass emissions of gas-
eous pollutants Mg;, mass emissions of gaseous pollutants
with exhaust gases M;, mass emissions of pollutants with
an CGM flow My, is determined in the process of post-pro-
cessing data. These data are then used to set up the transfer
functions described in blocks (21), (23), (29), based on the
law of conservation of mass, thereby performing auto-cali-
bration of the system.

The total mass of emissions of the i-th pollutant in grams
per test procedure is determined as the sum of the emissions
at each elementary step:

M, = HM,.(].), (©6)
where Mj) — the mass of emissions of the i-th pollutant in
grams per test procedure; M;¢;, — the mass of emissions of
the i-th pollutant in grams at the elementary step j; n — the
number of elementary measurement steps per test procedure.

The information signal (30) is recorded by the instan-
taneous values of CO, concentrations in raw gas at the



moment of gas sampling from the gas supply line to the
mixing chamber, and the concentrations of other pollut-
ants in raw gas at the time of their supply to the mixing
chamber (7). It is of interest for research on technologies
for controlling emissions of pollutants and development
work on the creation of new types of equipment — engines
and vehicles.

The calculations of the concentrations of other pollut-
ants in raw EG (Cj¢g), ppm) at the time of their supply to the
mixing chamber (7) are as follows:

M., . xDR
i(j)

M, =

i)

' 0~5(Qf<j—1) +Qf(j))
¢

(N

-6
= xd; xky, x10
() G-

The calculated values are synchronized in time with the
moment of entry of pollutants in the mixing chamber (7).
The time difference is the phase shift of the signals at the
outputs (31) and (30) of the block (29).

According to this method, the flow rate of gas samples
through filters for trapping particles and at the entrance
to the device for determining their quantity is changed di-
rectly proportional to the change in flow rate of the mix-
ture of EG and air. The calculation of particle emissions
is determined in the same way as for the conventional
method of sampling a constant volume.

Thus, the current mass emissions of pollutants are
calculated by time-synchronized instantaneous values of
concentrations and instantaneous values of the flow rate
of the mixture of EG and air. The

3. Research results of the working capacity of
the developed method

Fig. 4 shows an example of determining a new method of
emissions in the driving cycle of a car.

Fig. 5 shows an example of a change in the test cycle of
the flow rate of a mixture of EH and air and the dilution
factor DF. In this case, the minimum flow rate for partial
load modes is established, which increases as the engine load
increases.

Fig. 6 shows an example of comparing changes in
the dilution factor test cycle DF for a constant volume
sampling method (CVS) and a variable volume sampling
method (VVS). According to the latter, the dilution
factor for partial engine load conditions is substantially
lower and closer to the optimum.

Fig. 4. Example of VVS determination of emissions in
the driving cycle of a Mazda 6 passenger car with
a positive-ignition engine
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Fig. 7 shows an example of a change in pollutant con-
centrations in a driving cycle using the standard constant
volume sampling method (CVS). It is possible to see peak
concentrations in the “problem” sections of the driving cycle.
But on most partial load modes, the standard method is no
longer sufficiently informative. The concentration of pollut-
ants in diluted exhaust gases can be comparable with their
concentrations in ambient air.

Fig. 8 shows an example of a change in pollutant concentra-
tions in a driving cycle using variable volume sampling (VVS).
According to the new method, as can be seen from the graphs
of changes in hydrocarbon concentrations in Fig. 7, 8, they get
4-5 times more corrected concentrations of pollutants in the
sample of diluted EG, and therefore higher resolution.

This makes it possible to measure even mass emissions
that are beyond the resolution of the standard method of
sampling a constant volume, both in the whole driving cycle
and in its individual modes. The latter is of significant inter-
est to car manufacturers in the process of finishing work on
new vehicle designs.

The difference between the directly measured fuel con-
sumption (using a flow meter) and the calculated (method of
carbon balance for certain mass emissions of pollutants) fuel
consumption does not exceed *£3.5%. This is a satisfactory
result, taking into account, in particular, the measurement un-
certainty in the dynamics of rapidly changing concentrations of
pollutants, the flow rate of diluted exhaust gas, fuel consump-
tion, and the determination of carbon content in the fuel.

Since the commissioning of the research full-flow sam-
pling system based on the universal constant volume sam-
pling system (CVS) of the EMMS-CVS-010 model, more
than 1,500 vehicle tests have been carried out on it, in
particular, to determine compliance with Euro environ-
mental standards. The publications [29, 30] provide sepa-
rate summary results of these tests. The EMMS-CVS-010
system is used both to determine Euro-0 emissions and
emissions, which are significantly less than the limit values
established by Euro-6 standards with the latest amend-
ments. In particular, the new technology, due to its greater
information content and resolution, is used by car manu-

facturers to carry out finishing work

90
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Fig. 7. An example of a change in the concentrations of pollutants in a driving cycle
using the standard constant volume sampling method (CVS)
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Fig. 8. Example of changing concentrations of pollutants in a driving cycle by variable

volume sampling (VVS)

Verification of the new method was carried out by com-
paring the calculated (carbon balance method) and directly
measured fuel consumption by cars in driving cycles.

4. The method allows to maximally
compensate for the introduced addi-
tional uncertainty regarding the mea-
surement results due to measurement errors and tasks (main-
tenance) of a constant dynamic change in the flow of the sum
of exhaust gases and atmospheric air. This is due to minimizing



the dilution of exhaust gases and synchronizing the time of
information signals on the concentrations of pollutants and the
flow rate of the gas mixture. This is especially true in transient
modes of engine operation, changing rapidly, which account for
most of the mass emissions of pollutants in test cycles.

5. Obtain important information on the distribution of
specific emissions of pollutants for individual engine operat-
ing modes in the test cycle.

6. Carry out dynamic auto-calibration of the system for
measuring mass emissions of gaseous pollutants directly
during the measurement process. That is, this happens with-
out interrupting the test of the engine or vehicle, simultane-
ously with the determination of the instantaneous actual EG
dilution factor.

7. The instantaneous values of the concentrations of pol-
lutants directly in the raw EG are also determined.

8.1In general, radically improve the sensitivity, resolu-
tion, accuracy and information content of measurements.

The integrated determination of mass emissions of pollut-
ants with instantaneous values of the flow rate of a mixture of
EG and air and concentrations naturally entails the introduc-
tion of additional uncertainty. At the same time, this allows to
significantly increase the difference between the concentra-
tions of pollutants in diluted exhaust gas and in ambient air. As
shown above, this is justifiable when measuring low emissions.

However, for measuring exclusively fuel consumption by
automobiles using the carbon balance method, the lion’s share
of which is allocated through CO,, the standard method of
constant volume sampling usually provides better results.

The disadvantage of the new method is the complexity
of its implementation. But this is offset by the above ben-
efits. Fundamentally new possibilities have been obtained
for measuring, with practical accuracy, the mass specific
emissions of pollutants by forced-ignition engines and diesel
engines of modern and promising low-emission vehicles.
Accordingly, it was possible to install in the future more
advanced environmental requirements for vehicle engines.

Work is ongoing to further improve this technology.

The standard method for sampling a constant volume
to determine the mass emissions of pollutants is called the

“method of sampling a constant volume.” And the system
that implements it is commonly called the “constant vol-
ume sampling system” or the “Constant Volume Sampling
system” (abbreviated CVS system) in international English.
Therefore, by analogy, the alternative method described
above for a full-flow sampling of a precisely variable volume
for determining mass emissions of pollutants from engine ex-
haust gases is proposed to be called the “variable volume sam-
pling method”. The corresponding system that implements it
is proposed to give the name “international sampling system
of variable volume” or “Variable Volume Sampling system”
(abbreviated VVS system) in international English.

7. Conclusions

1. A dynamic method for sampling of variable volume has
been developed, for which a patent for the invention has been
obtained [28]. An experimental full-flow system has been
created for determining the mass emissions of pollutants
from automobile engine exhausts; it implements the concept
of sampling of variable volume.

2. The efficiency of the full-flow variable volume sampling
method is proved by comparing the calculated (carbon balance
method) and directly measured fuel consumption by cars in
driving cycles. The difference between the directly measured
and calculated (for certain mass emissions of pollutants) fuel
consumption does not exceed +3.5%. This is a satisfactory
result, taking into account, in particular, the measurement un-
certainty in the dynamics of rapidly changing concentrations of
pollutants, the flow rate of diluted exhaust gas, fuel consump-
tion, and the determination of carbon content in the fuel.

Thanks to sampling of variable volume, on average,
4-5 times more concentration of pollutants in the sample of
diluted exhaust gas is obtained. Thus, the new method allows
even mass emissions that are beyond the resolution of the stan-
dard method of sampling a constant volume to be measured,
both in the whole driving cycle and in its individual modes. The
latter is of considerable interest and is used by car manufactur-
ers in the process of finishing work on new vehicle designs.
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